The DEAD-box protein CYT-19 functions in the folding of several group I introns in ViVo and a diverse set of group I and group II RNAs in Vitro. Recent work using the Tetrahymena group I ribozyme demonstrated that CYT-19 possesses a second RNA-binding site, distinct from the unwinding active site, which enhances unwinding activity by binding nonspecifically to the adjacent RNA structure. Here, we probe the region of CYT-19 responsible for that binding by constructing a C-terminal truncation variant that lacks 49 amino acids and terminates at a domain boundary, as defined by limited proteolysis. This truncated protein unwinds a six-base-pair duplex, formed between the oligonucleotide substrate of the Tetrahymena ribozyme and an oligonucleotide corresponding to the internal guide sequence of the ribozyme, with near-wild-type efficiency. However, the truncated protein is activated much less than the wild-type protein when the duplex is covalently linked to the ribozyme or single-stranded or doublestranded extensions. Thus, the active site for RNA unwinding remains functional in the truncated CYT-19, but the site that binds the adjacent RNA structure has been compromised. Equilibrium binding experiments confirmed that the truncated protein binds RNA less tightly than the wild-type protein. RNA binding by the compromised site is important for chaperone activity, because the truncated protein is less active in facilitating the folding of a group I intron that requires CYT-19 in ViVo. The deleted region contains arginine-rich sequences, as found in other RNA-binding proteins, and may function by tethering CYT-19 to structured RNAs, so that it can efficiently disrupt exposed, non-native structural elements, allowing them to refold. Many other DExD/H-box proteins also contain arginine-rich ancillary domains, and some of these domains may function similarly as nonspecific RNA-binding elements that enhance general RNA chaperone activity.
Structured RNAs are required for a myriad of cellular processes, including mRNA processing and translation, tRNA processing, and maintenance of chromosome ends, and nearly all structured RNAs require at least one DExD/H-box protein for their functions (2, 3) . DExD/H-box proteins are thought to function primarily by facilitating structural transitions of RNAs and ribonucleoprotein (RNP) complexes that would otherwise be too slow to allow the complexes to form or function. DExD/H-box proteins include a conserved motor domain, which uses energy derived from cycles of ATP binding and hydrolysis to facilitate structural rearrangements of RNAs, at least in part by "unwinding" double-stranded segments (2, 4) . Many DExD/H-box proteins also possess additional domains that are less conserved or even nonconserved. These domains are proposed and, in some cases, shown to function in targeting a given DExD/H-box protein to its RNA or RNP substrate by directly binding the substrate (3, (5) (6) (7) (8) (9) . Thus, the presence of a domain that recognizes a specific substrate can convert the intrinsically generic motor domain to a protein that interacts specifically with a particular RNA or RNP.
On the other hand, recent evidence indicates that some DExD/H-box proteins are capable of facilitating the folding of multiple RNAs, thereby acting as general RNA chaperones (1, (10) (11) (12) . The idea that such chaperones exist was put forth some time ago (13, 14) based on the demonstrated propensity of RNA to misfold into kinetically trapped intermediates and the large activation energies necessary for disruption of the RNA structure. However, the first demonstration that a protein actually functions as an RNA chaperone was recent, with the finding that the Neurospora crassa CYT-19 protein is necessary for proper folding of several mitochondrial group I introns (1) . CYT-19 can also function in the folding of yeast group II introns in Vitro and both group I and group II introns in ViVo when expressed in yeast (10, 12) . Still, little is known about the mechanisms by which such general RNA chaperones act or whether they are targeted to features of certain classes of structured RNA.
To probe the mechanism of action of CYT-19, we developed a system using the group I RNA from Tetrahymena thermophila, which folds in Vitro to a long-lived misfolded intermediate (11) . We found that CYT-19 accelerates refolding of this misfolded intermediate, and it performs another reaction much more efficiently: it unwinds the P1 duplex, formed between the ribozyme and its substrate. Further, it performs this reaction ∼50-fold more efficiently than it unwinds the same duplex free in solution, indicating that it forms additional interactions with the ribozyme via a distinct binding site on the protein. Two observations suggested that the additional RNA-binding site was likely to reside in the C-terminal domain, which consists of ∼150 amino acids C-terminal to the motor domain. First, such a binding site might be postulated to reside within a domain outside the motor domain by analogy with the ancillary domains of other DExD/H-box proteins, and second, the C-terminal region of CYT-19 is strikingly basic and contains sequences that resemble arginine-rich motifs found in other RNA-binding proteins (15) .
Here, we test this idea by constructing a CYT-19 variant with a deletion of the C-terminal 49 amino acids. Strikingly, this variant protein retains near-wild-type efficiency in basal unwinding activity but is severely compromised in the enhancement of unwinding activity afforded by additional structured RNA. Thus, the C-terminal domain most likely harbors an RNA-binding site that serves to direct CYT- 19 to unwind helices that are associated with additional RNA structure. Many other DExD/H-box proteins have basic ancillary domains, some of which may function analogously.
MATERIALS AND METHODS
Materials. RNA and DNA oligonucleotides were purchased from Dharmacon (Lafayette, CO) and IDT (Coralville, IA), respectively. The Tetrahymena ribozyme was transcribed from ScaI-digested plasmid using T7 RNA polymerase (16) and purified using a Qiagen RNeasy column (17) . The ribozyme was 5′-end-labeled by incubating with shrimp alkaline phosphatase (Fermentas, Hanover, MD) and then with [γ-32 P]ATP and T4 polynucleotide kinase (New England Biolabs, Ipswich, MA) and purified by nondenaturing polyacrylamide gel electrophoresis (PAGE) as described (16) . Oligonucleotides were 5′-end-labeled with T4 polynucleotide kinase and purified by nondenaturing PAGE (16) .
Papain Digestion of CYT-19 and Analysis of the Principal Proteolytic Fragment. Papain (Sigma-Aldrich) was activated for 15 min at 37°C in the presence of 5.5 mM cysteine-HCl at pH 6.5, 1 mM ethylenediaminetetraacetic acid (EDTA), and 0.07 mM dithiothreitol (DTT). Activated enzyme was then added to a 10-fold excess of CYT-19 and incubated at 30°C in the presence of 10 mM Tris-HCl, 2.8 mM cysteine-HCl at pH 8.5, 250 mM KCl, 1 mM EDTA, 0.1 mM DTT, and 25% glycerol. Aliquots were quenched at various times by adding an equal volume of Protease Inhibitor Cocktail Set III (Calbiochem of EMD Biosciences) and analyzed by 10% sodium dodecyl sulfate (SDS)-PAGE.
To determine the site of initial cleavage by papain, we analyzed the large fragment resulting from initial cleavage using mass spectrometry and N-terminal sequencing. A digestion of CYT-19 was performed for 6 min, which gave maximal accumulation of this fragment, and the protein was isolated using a ZipTip C4 sample preparation kit (Millipore, Billerica, MA). A total of 20 pmol of the sample was used for electrospray mass spectrometry analysis (performed in the ICMB Core Facility at the University of Texas at Austin).
Two principal peaks were detected, corresponding to molecules of 57 208 and 57 562 Da. From the average of these values, we obtained an estimate of 57.4 ( 0.3 kDa for the fragment. For N-terminal sequencing (performed in the ICMB Core Facility), the fragment of CYT-19 was purified by SDS-PAGE (NuPAGE Gels, Invitrogen, Carlsbad, CA) and transferred to a nitrocellulose membrane. The proteinbound sections of the membrane were excised and loaded into the reaction cartridge of the sequencer. Automated Edman-degradation-based N-terminal protein sequencing was performed by the ICMB Core Facility using a Procise 492 capillary liquid chromatograph attached to a Model 140C Micro-gradient System and a 610A Data Analysis System (Applied Biosystems, Foster City, CA). Sequencing procedures were optimized in-house according to the manual of the manufacturer.
Cloning of CYT-19 Truncation (∆C578-626). 1 A small range of possible cleavage sites was determined from the molecular weight of the fragment and the finding that the N terminus was intact. To produce a recombinant protein equivalent to the fragment, Quikchange mutagenesis (Stratagene, La Jolla, CA) was performed using primers that included two consecutive stop codons immediately following residue 577. The sequences of the primers were 5′-GTCGAAACCAGAGAGCATTCTTAGTAGCCCATG-GGTAGCGGACCTGGC and its complementary sequence (the two stop codons are underlined). We have not determined whether truncation of CYT-19 at neighboring amino acids would also give functional proteins.
Expression and Purification of Wild-Type CYT-19 and ∆578-626 Proteins. Wild-type and truncated CYT-19 proteins were expressed as fusion proteins with the maltosebinding protein (MBP) and subsequently separated from MBP by proteolysis. Gene fusions were constructed in the plasmid pMAL-c2t (18) , which is a derivative of pMAL-c2x (New England Biolabs) and encodes an N-terminal MBP tag. Each fusion protein was expressed in Escherichia coli strain BL21 by growing a 1 L culture in LB containing 0.2% (w/v) glucose and 100 µg/mL ampicillin to an OD 600 of 0.6 and then incubating at 20°C for 20 h in the presence of 0.3 mM isopropyl--D-thiogalactopyranoside (IPTG). Cells were harvested by centrifugation, resuspended in 20 mM Tris-HCl at pH 7.5, 500 mM KCl, 1 mM EDTA, and 2 mM DTT, and lysed by 20 min of incubation in the presence of 1 mg/ mL lysozyme and three subsequent sonication bursts of 15 s each (power setting six with a double-stepped microtip; Branson Sonifier S-450A; VWR Scientific). The lysate was cleared by centrifugation (20000g for 30 min at 4°C). Polyethyleneimine (PEI) was added to 0.4% (w/v), and precipitated material was removed by centrifugation (3700g for 15 min at 4°C). The supernatant was loaded onto a 5 mL amylose column (high-flow resin, New England Biolabs) and washed with 2 column volumes of buffer containing 20 mM Tris-HCl at pH 7.5, 500 mM KCl, 1 mM EDTA, and 2 mM DTT. The column was then washed with 5 column volumes of the same buffer containing 1.5 M KCl and rewashed with 5 column volumes of the same buffer containing 500 mM KCl. The fusion protein was eluted by adding buffer containing 20 mM Tris-HCl at pH 7.5, 500 mM KCl, 1 mM EDTA, 2 mM DTT, and 10 mM maltose. Peak fractions were pooled and incubated overnight at 4°C in the presence of 40 µg/mL tobacco etch virus (TEV) protease (purified as described in ref 19) to cleave the N-terminal MBP tag. This cleavage generates the CYT-19 protein that retains three non-wild-type amino acid residues at the N terminus (GSM), followed by the natural residue S54. (The N-terminal 53 amino acids serve in mitochondrial targeting of the natural protein and were deleted from these constructs.) To remove the cleaved MBP tag, the preparation was either loaded on a gravity-flow hydroxyapatite column (Bio-Gel HTP Gel, Bio-Rad Laboratories, Hercules, CA), followed by a second application to an amylose column, as described in the pMAL instruction manual (method II, New England Biolabs), or loaded on a Superdex 200 column (GE Healthcare) in 20 mM Tris-HCl at pH 7.5, 500 mM KCl, and 1 mM EDTA. Both wild-type CYT-19 and ∆578-626 appear to be monomeric, as judged by their elution from the S200 column (Del Campo, M., and Lambowitz, A. M., unpublished results). Fractions containing CYT-19 were pooled and dialyzed overnight at 4°C against 50 volumes of storage buffer (20 mM Tris-HCl at pH 7.5, 500 mM KCl, 1 mM EDTA, 2 mM DTT, and 50% glycerol).
RNA Unwinding Assays. Gel mobility shift assays to monitor RNA unwinding by CYT-19 were performed essentially as described (11) . Briefly, to follow substrate dissociation from the Tetrahymena ribozyme, the ribozyme was first folded to the long-lived misfolded conformation by incubating 25 nM ribozyme for 5 min at 25°C in the presence of 50 mM Na-3-(N-morpholino)propanesulfonic acid (MOPS) at pH 7.0 and 10 mM Mg 2+ . A trace amount of 32 P-labeled oligonucleotide substrate (S*, <1 nM) was then incubated with the ribozyme for 5 min to allow binding. Next, CYT-19 (10-50 nM) was added along with an excess of unlabeled S (2.5 µM) and 2 mM ATP-Mg 2+ ; free Mg 2+ was simultaneously diluted to the desired concentration; and dissociation was followed by loading aliquots directly onto a 20% nondenaturing polyacrylamide gel run at 5°C. Experiments following dissociation of the substrate strand from model P1 duplex complexes were performed identically, except that the P1 duplex was formed by incubating 600 nM of the unlabeled strand with trace S* for 60 min at 5°C in the presence of 50 mM Na-MOPS at pH 7.0 (pH value determined at 25°C) and 5 mM Mg 2+ .
Equilibrium RNA Binding. Equilibrium binding of the wild-type CYT-19 and ∆578-626 proteins to the Tetrahymena ribozyme was measured by nitrocellulose filter binding essentially as described (12) . Briefly, a trace concentration of 32 P-labeled ribozyme (<2 nM) was incubated with the protein for 15 min to allow equilibration between bound and free RNA species (at 25°C, with 50 mM Na-MOPS at pH 7.0 and 10 mM MgCl 2 ). A pulse-chase dissociation experiment established that 15 min was sufficient for dissociation of nearly all of the complex, indicating that this time is sufficient for equilibration, and a control reaction in which wild-type CYT-19 and RNA were incubated for 1 h gave the same results within error (data not shown). Protein-bound RNA was separated from free RNA by applying the mixture to a filter holder fitted with a nitrocellulose membrane and a diethylaminoethanol (DEAE) membrane beneath the nitrocellulose membrane (20) . Membranes were washed with 2 mL of buffer, and the retained radiolabel was determined by quantitating with a phosphorimager. For each protein concentration, the fraction of RNA bound was calculated by dividing the amount of radiolabeled material retained on the nitrocellulose filter by the sum of the labeled material on the nitrocellulose and DEAE membranes.
Tetrahymena Ribozyme Refolding. Refolding of the misfolded Tetrahymena ribozyme was monitored by the substrate cleavage activity of the native ribozyme as described (11, 21) . Briefly, misfolded ribozyme was generated by incubation at 25°C for 10 min in the presence of 10 mM Mg 2+ . The Mg 2+ concentration was then reduced to 5 mM by dilution, ATP-Mg 2+ was added to 2 mM, and CYT-19 was added to initiate the rapid refolding reaction. Aliquots were quenched for further refolding at various times thereafter by adding 50 mM Mg 2+ . The fraction of native ribozyme was determined for each time point by adding a trace concentration of S* and measuring the fraction of the substrate that was rapidly cleaved (within 1 min). Previous experiments established that this fraction provides a good measure of the fraction of native ribozyme (21) .
Group I Intron Splicing. The N. crassa mitochondrial LSU-∆ORF intron was transcribed from BanI-digested pBD5a plasmid (22) using a T3 Megascript kit (Ambion, Austin, TX) to produce RNA that was body-labeled with 32 P. RNA was extracted with phenol/chloroform/isoamyl alcohol (25:24:1; PCI), centrifuged through two consecutive 1 mL Sephadex G-50 columns, and stored at 4°C in water. Immediately before it was used in splicing reactions, RNA was placed in a thermal cycler, heated to 92°C for 2 min, then rapidly cooled to 25°C, and further incubated for 5 min before adding splicing buffer. Splicing reactions were performed in the presence of 20 nM 32 P-labeled precursor RNA, CYT-18 (100 nM dimer), and CYT-19 or ∆578-626 at 25°C in 100 µL of reaction medium containing 100 mM KCl, 5 mM MgCl 2 , 25 mM Tris-HCl at pH 7.5, 10% glycerol, 1 mM GTP, and 1 mM ATP. Reactions were initiated by adding CYT-19 and then CYT-18 in rapid succession (∼15 s), and 10 µL aliquots were quenched at various times thereafter by adding 20 µL of 75 mM EDTA. Quenched time points were extracted with PCI, and 15 µL of the aqueous phase was added to 10 µL of gel-loading buffer II (Ambion). Splicing products were analyzed by 4% denaturing PAGE and quantitated with a phosphorimager. The fraction of precursor remaining was plotted as a function of time to give an observed rate constant that represents the completion of the first step of splicing.
RESULTS
To explore whether CYT-19 includes one or more ancillary domains that can be removed by proteolysis, we treated the protein with papain, a protease that is relatively insensitive to primary sequence but is sensitive to a higher order structure (23) . Upon exposure to papain, CYT-19 was rapidly cleaved to a fragment that migrated slightly more rapidly by SDS-PAGE (labeled "Fragment 1" in parts A and B of Figure 1 ). Continued exposure to papain led to further degradation, first to another fragment that migrated slightly more rapidly than the initial fragment ("Fragment 2" in Figure 1A ) and then to multiple fragments that migrated much more rapidly. All of these subsequent cleavage events occurred much slower than the initial cleavage, indicating that the fragment resulting from initial cleavage is more stable to digestion by papain than the full-length protein.
To determine the site of initial cleavage within CYT-19, we performed a limited digestion of 6 min, giving a nearly homogeneous population of fragment 1 (see lane 5 in Figure  1B ). Analysis of the gel-purified fragment by Edman degradation indicated that the N terminus was identical to the wild-type sequence (data not shown), indicating that the proteolytic cleavage was near the C terminus. Further analysis of the proteolysis reaction by electrospray ionization mass spectrometry (ESI-MS) gave a molecular mass of 57.56 ( 0.35 kDa for the large fragment, compared with a calculated molecular mass of 63.9 kDa for the full-length protein. The mass of the fragment indicated that the cleavage was approximately at amino acid 574, 2 and the uncertainty of 0.3 kDa gave a window of (3 amino acids.
As a first attempt to produce a recombinant protein equivalent to the fragment produced from papain cleavage, we expressed and purified a variant CYT-19 protein that lacked the C-terminal 49 amino acids of the wild-type protein, terminating at amino acid 577 after the hydrophilic sequence TREHS (the protein is denoted ∆578-626). The migration of this recombinant protein by SDS-PAGE was indistinguishable from the fragment produced by papain treatment, and the stability of the recombinant protein was similar to that of the fragment produced from papain cleavage (Figure 1 ), indicating that the recombinant protein faithfully recapitulates the domain boundary inferred from the papain digestion and that the truncated protein folds properly.
C-Terminal Truncation of Results in a Loss of Enhanced Unwinding ActiVity from the Adjacent RNA Structure. We next examined the ability of the ∆578-626 protein to accelerate dissociation of the substrate of the Tetrahymena ribozyme, a process that requires unwinding of the P1 duplex. Although acceleration of substrate dissociation was readily detected, the ∆578-626 protein was much less active than the wild-type CYT-19 protein, with a k cat /K M value of 3.6 × 10 6 M -1 min -1 (Figure 2 ), >10-fold lower than the wild-type protein under the same conditions (25°C, pH 7.0, 5 mM Mg 2+ ; see the Materials and Methods and Table 1 ).
Because the truncated C-terminal region is far removed from all of the conserved motifs of the unwindase motor domain, there was no expectation for a loss of basal unwinding activity by the truncated protein. To explore this question, we measured the unwinding of the P1 duplex in the absence of the attached ribozyme structure. Previous experiments showed that the wild-type CYT-19 protein is 50-100-fold less efficient in unwinding the P1 duplex in the absence of the ribozyme, presumably because it is not able to take advantage of its second RNA-binding site. In striking contrast, removal of the ribozyme made much less difference for the ∆578-626 protein, which gave an unwinding rate of 4.1 × 10 5 M -1 min -1 , a decrease of <10fold ( Figure 3 ). This value was within 2-fold of that for the wild-type protein under the same conditions, indicating that the removal of the C terminus did not greatly compromise the basal unwinding activity but rather selectively decreased the activity for helix unwinding in the presence of the attached ribozyme. Analogous results were obtained at higher and lower Mg 2+ concentrations (2 and 10 mM Mg 2+ ; Table  1) , with the attached ribozyme structure giving a substantially larger enhancement of P1 duplex unwinding for the wildtype CYT-19 than for the ∆578-626 protein. The finding that the C-terminal truncation results in a decrease in the enhancement for unwinding activity without a corresponding loss of basal unwinding activity most simply suggests that the region of CYT-19 that has been deleted in the ∆578-626 protein interacts with the ribozyme to enhance the unwinding activity of the wild-type protein (see the Discussion). Interestingly, the ∆578-626 protein remains significantly more active for P1 duplex unwinding with the attached ribozyme than for P1 free in solution, implying that the ∆578-626 protein retains some ability to interact with the ribozyme in a way that enhances unwinding activity. Thus, the region of CYT-19 that interacts with the ribozyme may extend beyond the deleted region into the ∼100 amino acid region that is retained in the ∆578-626 protein and is C-terminal to the unwinding motor domain. Alternatively, there could be additional interaction sites within the motor domain or within the N-terminal ∼20 amino acid sequence that flanks the motor domain. 2 While most of the experiments used the CYT-19 protein that was expressed as a fusion with the MBP (see the Materials and Methods), the papain digestions were performed with the protein that was expressed from the intein-derived construct described previously (1) . The N-terminal-most amino acids of the protein produced from this construct differ from the MBP construct (MS for the intein-derived construct and GSMS for the MBP construct; see the Materials and Methods), leading to the predicted cleavage site at residue 574 from mass-spectral analysis of the protease fragment. To probe further the idea that the ∆578-626 protein is deficient in binding via a second site, we tested its P1-duplexunwinding activity of a complex in which P1 is covalently connected to the P2 helix. This complex mimics the connection within the ribozyme and was shown previously to recapitulate most of the enhancement of unwinding activity for the wild-type CYT-19 (11) . As expected, the unwinding activity of the ∆578-626 protein was much lower than that of the wild-type protein for this substrate (Figure 4 ). Relative to the P1 duplex alone, the attachment of the P2 duplex gave an enhancement of 40-fold for the wild-type CYT-19, consistent with previous results (11), but only a 2-fold enhancement for the ∆578-626 protein. Similar results were obtained for unwinding of P1 with an unrelated duplex attached ("P9.2" in Table 1 ), although with a somewhat smaller enhancement of activity for the wild-type protein, underscoring the relatively nonspecific nature of the interaction.
We also tested unwinding by the ∆578-626 protein of the P1 duplex with a single-stranded extension (A 20 ). The ∆578-626 protein was enhanced in unwinding activity only modestly from this addition and was significantly less active than the wild-type protein (1.4 × 10 6 M -1 min -1 compared to 1.0 × 10 7 M -1 min -1 for the wild-type protein; Table 1 ). It was previously shown that this addition gave enhanced unwinding activity for the wild-type protein (11), but it was unclear whether the enhancement arose from the binding of the second site on CYT-19 to the single-stranded RNA extension, albeit with a somewhat lower affinity than for a double-stranded extension, or from the binding of the unwinding active site to the A 20 extension followed by translocation into the double-stranded P1 duplex to give unwinding. The smaller enhancement for the ∆578-626 protein than for the wild type now suggests that the enhancement arises primarily from binding via the second site, an interpretation that is consistent with the recent finding that the related protein Ded1p can unwind short duplexes without translocating (24) .
Diminished RNA Binding by ∆578-626. The simplest expectation from the diminished activity of the ∆578-626 protein was that it would bind less tightly than the wildtype CYT-19 to structured RNAs. We therefore measured equilibrium binding of each protein to the Tetrahymena ribozyme under the same conditions as the unwinding assays. Consistent with previous results (12) , the wild-type CYT-19 bound the RNA in the nanomolar range, giving a K d value of 30 nM ( Figure 5 ). The ∆578-626 gave a K d value of 200 nM, 7-fold larger than that of the wild-type protein, indicating that the C-terminal truncation weakens RNA binding. Further, the magnitude of the decrease is similar to the loss of unwinding activity above.
Role of the C-Terminal Domain in the Folding of Group I RNAs. We were next interested in whether the C-terminal region also enhances the ability of CYT-19 to function in the folding of group I RNAs. We first tested the truncated ∆578-626 protein in the refolding of a long-lived misfolded conformer of the Tetrahymena ribozyme. Acceleration of this folding transition was previously demonstrated for wild-type CYT-19 (11) . As expected, the ∆578-626 protein was less efficient than the wild type in accelerating the refolding of the ribozyme to its native state ( Figure 6 ). However, the loss of activity upon deletion of the C-terminal region was <3fold, substantially less than the maximum effect observed for helix unwinding. This result indicates that the C-terminal region does not play as large a role in refolding of the ribozyme, perhaps because the misfolded conformer of this ribozyme is extensively structured and has all of the longrange tertiary contacts formed (25, 26) , whereas binding by the second site on CYT-19 appears to enhance unwinding principally of the structure that is loosely associated with the core (11) .
We next tested the activity of the ∆578-626 protein in facilitating the folding of another group I RNA, the Neurospora mitochondrial large subunit rRNA intron (mt LSU-∆ORF), which is one of several introns that require CYT- 0). Results from equivalent reactions without CYT-19 are also shown (4). Four independent determinations gave a k cat /K M value of 3.6 ((1.8) × 10 6 M -1 min -1 for the ∆578-626 protein, and three independent determinations gave a k cat /K M value of 4.1 ((1.4) × 10 7 M -1 min -1 for the wild-type protein. included the CYT-18 protein, which is required for efficient splicing and functions by binding specifically to the intron RNA and stabilizing the functional structure (27, 28) . CYT-19 activity was determined by measuring the rate of splicing, which is apparently rate-limited by the formation of the native state at 25°C (1). The wild-type CYT-19 was 15fold more active than the ∆578-626 protein in promoting this folding reaction, indicating that the C-terminal region a All values represent second-order rate constants (M -1 min -1 ). Values with associated uncertainty represent the average and standard deviation of two to four independent determinations, and values without associated uncertainty represent a single determination. All reactions were performed at 25°C, 50 mM Na-MOPS at pH 7.0, and the indicated concentration of Mg 2+ (as MgCl2). Reactions of the wild-type protein in the presence of 10 mM Mg 2+ have been reported previously (11) . The measurements reported here were performed side by side with the ∆578-626 protein and gave results that were the same within error to those reported previously, except for the A20 extension, which previously gave a value of 9.6 ((2.0) × 10 5 M -1 min -1 . We do not understand the origin of this 3-fold difference, but it does not affect the conclusions of the current work. b The substrate designation refers to what RNA structure, if any, was covalently connected to the P1 duplex. "None" represents unwinding of the isolated P1 duplex, formed between the substrate (CCCUCUA 5) and an oligonucleotide that mimics the internal guide sequence of the ribozyme (GGAGGGA). This internal guide sequence strand was extended for the other constructs by the addition of A20 or sequences that can form the P2 or P9.2 helices (11) . c ND ) not determined. (1) . An equivalent experiment for the wild-type CYT-19 protein has been published previously, and these data are included for a comparison (3) . The dependences of refolding rate constant on the protein concentration gave k cat /K M values of 8.6 ((0.4) × 10 4 and 2.9 ((0.4) × 10 4 M -1 min -1 for the wild-type and ∆578-626 proteins, respectively. contributes substantially to the efficiency of this folding reaction (Figure 7) . Indeed, the decrease in activity for this reaction upon deletion of the C-terminal region is in the same range as the decrease in efficiency for helix unwinding activity in the presence of attached RNA structure (see Figure  2 and Table 1 ).
DISCUSSION
Previous work indicated that CYT-19 possesses an additional RNA-binding site, distinct from the site responsible for duplex unwinding, that binds RNA structure nonspecifically and enhances the efficiency of CYT-19 for unwinding nearby helices (11) . Because CYT-19 had been shown previously to function as a general RNA chaperone (1, 10, 12) , facilitating folding of multiple RNAs, it appeared likely that this nonspecific RNA binding would be important for the function of the protein. Here, we explored the region of CYT-19 that is responsible for the binding by deleting 49 amino acids from the C terminus. Strikingly, the truncated protein retains significant unwinding activity but is defective in the enhancement of activity provided by the presence of the adjacent RNA structure.
Although alternatives are possible, the simplest interpretation of these results is that the additional RNA-binding site resides at least partially within the deleted C-terminal sequence. First, the deleted sequence is highly basic, with a calculated pI of >12, and it is arginine-rich (11 of 49 deleted amino acids are arginine), characteristics that are found in RNA-binding domains of other proteins (15) . Further, nonspecific RNA binding by ancillary domains of DExD/ H-box proteins has been documented previously (29) (30) (31) . The sequences of these domains are also arginine-rich, although they differ from CYT-19 in that they conform to a repeating motif known as the RGG box, first identified in the context of hnRNP proteins (32) . An alternative explanation for our results is that the C-terminal sequence mediates dimerization of CYT-19, which contributes to the enhancement of activity, perhaps because the additional interaction with RNA is made by the unwinding site of the second protomer. Although there is considerable evidence for functional dimers of certain DNA helicases (33, 34) , the DEAD-box proteins that have been examined, including CYT-19, appear to be monomeric in solution (see ref 35; Bhaskaran, H., and Russell, R., unpublished results; Del Campo, M., and Lambowitz, A. M., unpublished results). These results do not rule out transient dimerization, which could be required for function despite being unfavorable in solution. However, because dimerization is proposed to be critical for helicases to unwind DNA or RNA processively (33) , there is no expectation for such a requirement in DEAD-box proteins that employ nonprocessive unwinding. Thus, we suggest that the simplest model that is consistent with current data is that CYT-19 functions as a monomer and that the second RNA-binding site includes the deleted sequence.
Although nonspecific RNA binding by ancillary domains of DEAD-box proteins has been demonstrated previously, we propose a distinct role for RNA binding by this domain (Figure 8 ). Instead of being instrumental to the mechanism of helix unwinding (29) , we suggest that this nonspecific binding directs CYT-19 to act on structured RNAs in an analogous fashion to the targeting proposed for ancillary domains that recognize a specific RNA or RNP complex (3, 4) . By binding to double-stranded or structured RNA, the ancillary domain localizes the motor domain so that is can unwind a helix that is adjacent to the initial binding site. It is also possible that binding by the ancillary domain activates the motor allosterically, but a double-stranded "extension" fails to activate unwinding when present as a separate molecule rather than covalently linked to the P1 duplex (Tijerina, P., and Russell, R., unpublished results), suggesting that the principal mechanism of activation is localization of the unwinding motor domain.
During subsequent unwinding of the adjacent helix, the ancillary C-terminal domain most likely remains bound at its original attachment point, because if the C-terminal domain were required to dissociate, its initial binding would be nonproductive and would not be predicted to increase the unwinding efficiency. The exception to this expectation would be if initial binding to a duplex extension was followed by rapid translocation through the duplex, as observed for DNA helicases. However, in this case, the activity enhancement would be expected to require a particular directionality and, by analogy with DNA helicases, would be expected to be maximal for single-stranded extensions, whereas neither of these features are observed for CYT-19 or other DEADbox proteins (4, 36, 37) (Table 1 ). Because continued binding of the C-terminal domain to its original attachment point is most simply expected to prevent the CYT-19 protein from translocating through a helix for any significant distance, the data are most easily compatible with a single-step, fully nonprocessive unwinding, as depicted in Figure 8 (4, 24) . This mechanism of unwinding differs fundamentally from the processive action of DNA helicases and some DExD/ H-box proteins, which unwind DNA or RNA duplexes in a directional fashion as they translocate through the duplex (33, 38) .
Although the deleted region of the C-terminal domain of CYT-19 clearly plays an important role in the duplex unwinding reactions observed here, our data suggest that the interactions between CYT-19 and structured RNA that enhance unwinding activity extend beyond the deleted region. First, neither the addition of single-stranded nor doublestranded extensions gave as much enhancement as the attachment of the entire Tetrahymena ribozyme, and the additional enhancement conferred by the ribozyme (beyond that of a double-stranded extension) was independent of the presence of the C-terminal domain (see Table 1 ). This result suggests that another site or surface within CYT-19 forms additional contacts with the ribozyme. Second, although the ∆578-626 protein is enhanced for unwinding activity less than the wild-type protein upon attachment of the adjacent structure, there remains some residual enhancement. Thus, there is likely to be an additional site or sites within the retained portion of the C-terminal domain, within the motor domain, or within the small N-terminal region that can bind flanking RNA structure and enhance unwinding activity. A full understanding of the interactions responsible for the enhanced unwinding activity from the adjacent RNA structure will require a further dissection of the CYT-19 domains using biochemical and, ultimately, structural approaches.
RNA binding by the C-terminal domain can apparently contribute to chaperone activity of CYT-19, because the C-terminal truncation results in a decrease in splicing efficiency for one of its physiological substrates, the Neurospora mt LSU intron, that is as large as the decrease in unwinding activity in the context of model substrates. The simplest model is that the ability of CYT-19 to facilitate refolding arises from the same basic activity that accelerates the helix unwinding reactions of model systems. Presumably, the C-terminal domain first binds nonspecifically to a structured RNA, with the nonspecific nature of this binding allowing CYT-19 to interact with multiple misfolded species of multiple RNAs and to bind these species in multiple orientations, so that it can disrupt non-native contacts regardless of where they are within the larger RNA structure.
Exactly what types of contact are disrupted by CYT-19 as it facilitates the folding of structured RNAs is not yet clear. We have shown that CYT-19 can efficiently unwind exposed helices while bound to a structured RNA (see ref 11 and results herein), an activity that is not surprising considering the sequence similarity with DNA helicases and the demonstrated ability of several DExD/H-box proteins to unwind short model duplexes (reviewed in ref 2). DEADbox proteins have also been shown to remove proteins from single-and double-stranded RNA (39, 40) , although there is no evidence for the displacement of CYT-18 from group I introns by CYT-19 (1) . It is also possible that CYT-19 can disrupt RNA-RNA tertiary contacts to facilitate folding. Indeed, this would be the simplest interpretation of the ability of CYT-19 to facilitate the folding of the Tetrahymena ribozyme from the misfolded structure to the native state, because the misfolded structure is stabilized extensively by the formation of native tertiary contacts on its periphery (26) . The ability of one active site to carry out such disparate activities can be rationalized by a model in which the energy of ATP binding and hydrolysis is used to generate a binding site within the motor domain that is highly specific for singlestranded RNA, and because the single-stranded RNA is accommodated within the active site, any contacts of this strand with RNA or protein are disrupted. This idea is consistent with the recently determined structure of the motor domain from the Drosophila protein Vasa, which includes a bound single-stranded RNA that bends sharply within the binding site, achieving a conformation that would not be compatible with a continuous duplex (41) . For all of these activities, the RNA-binding site within the C-terminal domain of CYT-19 is probably important because it localizes the unwinding site to structured RNAs, increasing the efficiency of any subsequent disruption of the structure.
It is interesting to consider whether general DExD/H-box RNA chaperones are common in nature and whether this function can be predicted from the sequences of the ancillary domains. Considerations of the physical and chemical properties of RNA, as well as experimental results on the with low specificity to structured RNA (blue cylinders, which depict the secondary structure elements of the Tetrahymena ribozyme) via its C-terminal domain and efficiently unwinds helices that are not packed tightly against the body of the structured RNA (the P1 duplex is shown as red and green strands). (B) Enhanced unwinding activity by CYT-19 is also observed upon the addition of a simple duplex to P1 (P2 is shown as a single blue cylinder), suggesting that the primary recognition by the C-terminal domain is for double-stranded RNA located adjacent to the helix to be unwound. See the Discussion for further details.
folding of several large RNAs, suggest that cellular RNAs are likely to encounter misfolded species frequently (13, 14, (42) (43) (44) (45) (46) . Because all cells contain a large and diverse set of structured RNAs, it seems unlikely that there could be a chaperone protein devoted to each structured RNA and even less likely that there could be a chaperone devoted to each misfolded structure of each RNA. Thus, there is probably a general need for RNA chaperone proteins that can interact with and resolve multiple misfolded species. Some of the proteins that function in this role may not be DExD/H-box proteins but rather proteins that bind single-stranded RNA, several of which possess RNA chaperone activity in Vitro and, when overexpressed, in ViVo (reviewed in ref 47) . Nevertheless, the unique ability of DExD/H-box proteins to couple the free energy from ATP binding and hydrolysis to RNA rearrangements suggests that these proteins may be required to resolve, at a minimum, the longer-lived misfolded species of RNA and are therefore likely to play critical roles as general RNA chaperones.
The most basic requirement for a general chaperone is the ability to interact functionally with multiple RNAs, and arginine-rich domains are clearly capable of conferring nonspecific RNA binding. The chaperones CYT-19 and Mss116p both include arginine-rich extensions, as does the yeast protein Ded1p, which may function as a general chaperone in translation initiation (48) (49) (50) , although the extensions of these proteins do not share identifiable sequence similarity beyond the high frequency of arginines. Further, a number of other DEAD-box proteins have arginine-rich sequences, including a total of 5 of 25 in Saccharomyces cereVisiae and 3 of 5 in E. coli. However, assigning a role as a general chaperone based on the sequence of an ancillary domain is unlikely to be straightforward. First, the presence of an arginine-rich motif (ARM) does not necessarily imply nonspecific binding, because "canonical" viral ARMcontaining proteins, Tat and Rev, bind their cognate RNAs with very high specificity (51-53) and even ARM-containing peptides can bind tightly and selectively to RNA targets (54, 55) . Also, some DExD/H-box proteins that do function as general chaperones may achieve nonspecific recognition of RNA by binding specifically to a second protein that harbors a nonspecific RNA-binding site; such a DExD/Hbox protein would not be identified as a candidate for general chaperone activity from the sequences of its ancillary domains. A possible example of this type of protein is eIF4A, which lacks ancillary domains but interacts with the RNAbinding proteins eIF4B and eIF4G and employs chaperonelike activity to remove the structure from mRNAs during translation initiation (56, 57) . Finally, because the activity increase from ancillary site binding is not enormous in energetic terms (<3 kcal/mol), it is possible that a DExD/H box protein lacking such domains could compensate with a more active unwinding domain to achieve the same efficiency as CYT-19. Such a protein could presumably function as a general chaperone, albeit without the enhanced activity on structured RNA that is conferred by the ancillary domain. Thus, biochemical and genetic approaches are probably necessary to identify DExD/H-box proteins that function as general RNA chaperones, as well as to elucidate which RNAs and RNPs are dependent upon them and to understand their reaction mechanisms.
